Methods
Introduction
Paragraph Number 1 Increased physical activity and reduced sedentary behavior can reduce the risk of chronic illness, including physiological biomarkers linked to cardiovascular disease and diabetes (1, 10, 17) . Optimal sleep duration is independently associated with many of the same biomarkers (6-9). The relationship between physical activity and sleep may also be important, with evidence suggesting that regular physical activity is associated with improved subjective (19) and objective sleep quality (11) and lower incidence and severity of sleep-disordered breathing (2, 18).
Paragraph Number 2 Across a 24h day, time is disproportionately distributed between sleep, sedentary activities (sitting or lying with low energy expenditure), and more active behaviors.
Increasing time in active behaviors or extending sleep duration inevitably requires decreasing time in another behavior (14) . To date neither the physical activity/sedentary behavior or sleep literatures have adequately accounted for the fixed time nature in which these behaviors occur, or how varying distributions of sleep, sedentary, and activity behaivors may impact various health parameters.
Paragraph Number 3
The isotemporal substitution paradigm explores the effect of alternating time in one behavior with another while holding total time constant (14) . While historically rooted in nutritional epidemiology (23) (24) , isotemporal substitution modeling has recently been applied in physical activity epidemiology to study the effects on physical activity (of varying types and intensities) on weight change (14) and rated physical and psychosocial health (3). The present study, using data from the National Health and Nutrition Examination Survey (NHANES) in [2005] [2006] , examined the impact of alternating the allocations of time spent in sleep, sedentary activity, and active behaviors (both light-and moderate-intensity activity) on cardiometabolic and inflammatory risk biomarkers. An additional aim of the study was to examine whether the strength of the relationship between active and sedentary behaviors with biomarkers differed among adults with varying levels of sleep duration.
Methods

Study Sample
Paragraph 4 Data on the study participants were drawn from NHANES survey, which uses a complex sampling design to produce a representative sample of the U.S. civilian (both children and adults) non-institutionalized population, and over-samples low-income respondents, adolescents, persons 60+ years old, African-Americans and Mexican Americans. The methods are described in detail on the CDC website (4). NHANES includes an in-person home interview and a visit to a Mobile Examination Center (MEC) where laboratory and examination data are collected. The interview data include demographic, socioeconomic, and health-related questions.
The examination component includes medical and physiological measurements, as well as laboratory tests. The CDC Ethics Review Board approved the survey protocols and informed consent was obtained for all subjects. This analysis included NHANES data during the 2005-06 dataset where both accelerometry and sleep questionnaires were collected. A total of 4979 respondents ages 20 years and older were interviewed and examined. Respondents were excluded progressively due to none or invalid accelerometer data (N=1907), missing selfreported sleep duration data (N=5), currently taking insulin (N=96), women who were pregnant or lactating (N=142), and a diagnosed sleep disorder (N=192). Data from 2637 adults were available for the full analyses, with a subsample of 1173 available for fasting analyses.
Sociodemographic and Health Behavior/Status Variables
Paragraph 5 A set of sociodemographic variables was used as the covariates in the analyses.
These variables include age (as a continuous variable), gender, race/ethnicity recoded into five categories (Mexican American, Other Hispanic, Non-Hispanic White, Non-Hispanic Black, Other/Multi-Racial), and ratio of family income to poverty (as a continuous variable, range: 0 to 5). Health behavior/status variables including smoking status as measured by serum cotinine levels (range: 0.011 to 1156), depressive symptoms as measured by the 9-item Patient Health questionnaire (12) (range: 0 to 27), total energy intake estimated by two 24-h dietary recall interviews (4), and a general health rating (excellent to poor) (21).
Physical Activity and Sedentary Variables
Paragraph Number 6 Subjects were asked to wear an Actigraph (Actigraph, LLC; Ft. Walton Beach, FL) model 7164 accelerometer over the right hip on an elasticized belt during the waking day for 7 days following their MEC examination. Details of the accelerometer protocol are described elsewhere (13, 20) and the SAS code used to determine wear/non-wear time is publically available on the National Cancer Institute website (15). Days with ≥10h of wear time were considered valid and ≥4 valid days were needed to be included in the analyses. Standard accelerometer counts·min -1 (cpm) thresholds were used to classify all wear time as sedentary (SED; <100 cpm) (13), low-light activity (LOLITE; 101-759 cpm) (cit), high-light activity (HILITE; 760-1951cpm) (cit), or moderate-intensity and greater activity (MVPA, ≥1952 cpm) 
Data Analysis
Paragraph Number 9 All statistical analyses were performed with procedures to account for the complex survey design of NHANES using SAS Enterprise Guide 4.2 software (SAS Institute, Inc., Cary, North Carolina). All analyses included the use of appropriate sample weights, clustering variables, and primary sampling units to assure population-representative estimates.
Biomarker variables were log-transformed to account for non-normal distributions. Statistical significance was established at p < 0.05 for main effects and p < 0.10 for interaction effects.
Paragraph Number 10 Three sets of regression models were fitted to assess associations of the accelerometer-derived (SED, LOLITE, HILITE, MVPA) and TST variables with the outcomes.
All models were adjusted for study covariates (described earlier). First, single variable models were used to estimate the "total effect" for each variable. These models depict the raw associations between each variable and the outcome. Second, partition models were used to estimate the "unique effect" of each variable by holding time in all other variables constant.
These models depict the unique association of each variable with the outcome. Finally, isotemporal substitution models were used to estimate the "substitution effect" of replacing time from one variable for an equal amount of time in a different variable (e.g., replacing 30 min·d
of SED with 30 min·d -1 of MVPA). This was accomplished by entering a total time variable (i.e., SED + LOLITE + HILITE + MVPA + TST) and each unique variable into the models simultaneously. The variable of interest was then dropped from the model (similar practice to dropping reference group within dummy-coded analyses). These models depict the effect of replacing time from the dropped variable with all other variables entered in the model. By including a total time variable in the model, the overall assessment time is constrained and allows direct comparisons to be made between variables and their impact on the outcome of interest. Greater detail on isotemporal substitution models is presented elsewhere (14).
Paragraph Number 11
To examine whether the strength of the relationship between SED, LOLITE, HILITE, and MVPA with biomarkers differed by TST, interaction analyses were performed. The TST variable was recoded into 5 levels: ≤5 hours, 6 hours, 7 hours, 8 hours, and ≥9 hours. TST ≥9 hours was collapsed with 8 hours in the fasting variables due to the small sample size (N=185). In light of previous literature suggesting a U-shaped relationship between TST and health outcomes around median TST (7, 16), seven hours of TST was used as the reference category for all comparisons. Only HILITE was examined given high collinearity between SED and LOLITE. Accelerometer-derived variables were entered into the models continuously (adjusting for main effects of the other accelerometer variables); however, results are presented graphically in quartiles to aid interpretation of results.
Results
Paragraph Number 12
The population-weighted sociodemographic, health behavior/status, accelerometry, and cardiometabolic biomarker characteristics are displayed by total sleep time in 
Behavior-Biomarker Relationships across Total Sleep Time Categories
Paragraph Number 14 The majority of interaction outcomes were not significant, suggesting that the relationship between active and sedentary behaviors with the selected biomarkers was similar across TST categories. Significant interactions are displayed in Figure 1 . For waist circumference, there was a small but significant difference between 6 vs. 7h of TST, with 7h sleepers receiving greater benefit from additional HILITE activity. For systolic blood pressure, there was a small but significant difference between ≤5h vs. 7h of TST, with 7h sleepers receiving greater benefit from MVPA. Also, while only significant for ≤5h and 6h vs. 7h
sleepers, 7h sleepers appeared to benefit more from less sedentary time than all other TST groups. For diastolic blood pressure, there was a small but significant difference between ≥9 vs.
7h of TST, with 7h sleepers receiving greater benefit from HILITE, and 7h sleepers receiving greater benefit from less sedentary time than 6h sleepers. For fasting triglycerides, 7h sleepers benefited more from both MVPA and HILITE than ≥8h sleepers. For HOMA-IR and HOMA-S, 7h sleepers benefited more from MVPA than did 6h sleepers. 169 (32.6) 50 (9.7) Data are n (%) or mean (SEM). †Range: 0 to 5, higher numbers reflects increased income; ‡Range: 1(excellent) to 5(poor).
Current medication use
Caffeine, g Alcohol intake, g (1) TST 1.000 -0.550 *** -0.109 *** -0.029 (2) SED 1.000 -0.295 *** -0.015 (3) LITE 1.000 *** 0.321 *** (4) MVPA 1.000
Supplemental Single activity models tested the "total effect" of each exposure variable, unadjusted for activity in other thresholds; ‡Partition models tested the "unique effect" of each exposure variable adjusted for time in other exposure variables; §Isotemporal substitution models tested the "substitution effect" of each exposure variable holding time constant in other exposures. TST, total sleep time; SED, sedentary behavior; LITE, light intensity activity; MVPA, moderate-vigorous physical activity.
Partition
Model ‡ Isotemporal Substitution Models §
